REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 

regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 

Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


2.  REPORT  TYPE 

Final  Report 


1.  REPORT  DATE  (DD-MM-YYYY) 
21-01-2012 


4.  TITLE  AND  SUBTITLE 

Final  Report  for  ARO-MURI  project  "Tunable  and 
reconfigurable  Optical  Negative-Index  Materials  with  Low 
Losses" 


6.  AUTHORS 
PI:  Vladimir  M.  Shalaev 


3.  DATES  COVERED  (From  -  To) 

1 -Sep-2006  -  31 -Dec-20 11 


5a.  CONTRACT  NUMBER 

W91  INF-06-1-0377 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 
611103 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

Purdue  University 
Sponosored  Program  Services 
Purdue  University 

West  Lafayette,  IN  47907  -2114 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

50342-PH-MUR.  1 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


14.  ABSTRACT 

Abstract 

Below  we  highlight  the  most  important  breakthroughs  and  developments  accomplished  within  this  5-year  long 
MURI  project  (for  a  more  detailed  list  see  the  annual  reports): 

•  Negative-index  metamaterials  in  the  optical  range,  from  near-IR  to  the  visible  have  been  demonstrated. 

•  Negative-index  metamaterial  with  gain  completely  compensating  losses  has  been  demonstrated  in  the  visible 


15.  SUBJECT  TERMS 
negative-index  metamaterials  (NIMs) 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

15.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

Vladimir  Shalaev 

UU 

UU 

UU 

UU 

19b.  TELEPHONE  NUMBER 

765-494-9855 

Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 1 8 


Report  Title 
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Losses" 

ABSTRACT 

Abstract 

Below  we  highlight  the  most  important  breakthroughs  and  developments  accomplished  within  this  5-year  long  MURI  project  (for  a  more 
detailed  list  see  the  annual  reports): 

•  Negative-index  metamaterials  in  the  optical  range,  from  near-IR  to  the  visible  have  been  demonstrated. 

•  Negative-index  metamaterial  with  gain  completely  compensating  losses  has  been  demonstrated  in  the  visible  (red)  part  of  the  spectrum. 

•  Bulk  3D  metamaterials  with  negative  refraction  have  been  developed. 

•  Negative  refraction  in  semiconductor  based  metamaterials  has  been  shown. 

•  Artificial  metamagnetics  across  the  entire  visible  part  of  the  spectrum  have  been  experimentally  shown. 

•  World’s  smallest  SPASER-based  nanolaser  has  been  demonstrated 

•  Nanolaser  based  on  the  hybrid  gap  mode  confining  light  between  a  semiconductor  amplifying  nanostructure  and  a  metal  has  been 
demonstrated 

•  Theoretical  prediction  and  experimental  realization  of  magnifying  far-field  hyperlens 

•  The  carpet-cloak  has  been  experimentally  realized 

•  Tunable  magnetic  metamaterials  have  been  demonstrated.  We  have  demonstrated  by  theories  and  experiments  that  nonlinear  and 
electro-optical  liquid  crystals  may  be  applied  in  enabling  tuning  capabilities  to  metamaterials  over  a  very  broad  spectral  regime  from  the 
visible  to  the  infrared.  We  showed  that  by  using  laser  induced  order  parameter  as  a  means  of  modifying  the  nematic  birefringence,  the 
switching  processes  can  be  realized  at  microseconds  -  nanoseconds  speed. 

•  We  have  designed,  developed,  and  experimentally  demonstrated  several  novel  optical  switching  and  modulation  photonics  devices 
based  on  liquid  crystals  infiltrated  nano-plasmonic  structures,  where  the  laser  induced  plasmonic  near  fields,  in  conjunction  with  applied  ac 
filed  give  rise  to  novel  optical  switching,  transmission  and  filtering  operations  that  are  not  possible  in  passive  plasmonic  structures. 

•  It  has  been  shown  that  anisotropic  metamaterials  can  be  emulated  by  tapered  waveguides,  which  opens  up  numerous  applications 
including  cloaking 

•  Broadband  optical  cloaking  using  tapered  waveguides  have  been  experimentally  demonstrated  for  the  visible  part  of  the  spectrum 

•  The  transformation  optics  technique  was  used  to  design  a  family  of  novel  devices  including  an  optical  black-hole,  a  wave  collimator, 
far-zone  and  near- zone  focusing  flat  optical  lenses,  a  right-angle  bend  for  propagating  beam  fields,  a  three-dimensional  polarization  rotator, 
and  others. 

•  Based  on  the  transformation  optics  approach,  we  demonstrate  that  a  microlens  may  act  as  a  two-dimensional  fish-eye  or  an  inverted 
Eaton  lens.  An  asymmetric  inverted  Eaton  lens  may  exhibit  considerable  image  magnification,  which  has  been  confirmed  experimentally. 

•  The  singular  photonic  density  of  states  in  hyperbolic  metamaterials  has  been  predicted;  first  preliminary  experiments  support  the  theory 

•  We  demonstrated  that  metamaterials  with  hyperbolic  dispersion  (h-MMs)  can  be  used  to  study  metric  signature  transitions  and  the 
cosmological  “Big  Bang”. 

•  A  theory  for  basic  nonlinear  optical  processes  in  NIMs  and  in  double-domain  positive/negative-index  metamaterials  has  been 
developed.  This  includes  optical  parametric  amplification,  bistability,  second-harmonic  generation,  novel  solitons,  etc.  Light  pulse  dynamics 
in  NIMs  in  the  presence  of  losses  and  amplification  and  extremely  short  pulse  propagation  in  nonlinear  NIMs  have  been  studied.  Loss 
compensation  with  NL  amplification  has  been  shown. 

•  Resonant  field-enhancement  phenomena  and  universal  energy  absoiption  at  the  interface  n=0  for  a  material  with  a  refraction  index  n 
passing  through  n=0  continuously,  was  discovered. 

•  Metamaterials  based  on  Si  photonic  crystals  (PhCs)  have  been  developed 

•  We  have  demonstrated  mechanically  tunable  photonic  crystal  lens. 

•  The  field  of  optical  metamaterials  has  been  linked  to  that  of  celestial  mechanics,  thus  opened  the  way  to  investigate  light  phenomena 
reminiscent  of  orbital  motion,  strange  attractors  and  chaos,  in  a  controlled  laboratory  environment. 

•  Experimental  observation  of  nonlinear  negative  refraction  at  optical  frequencies  using  four-wave  mixing  (4WM),  wherein  the  incident 
and  negatively  refracted  beams  are  at  different  frequencies,  fully  fillfilling  the  Snell’s  law. 
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Below  we  highlight  the  most  important  breakthroughs  and  developments  accomplished  within  this  5-year  long  MURI  project 
(for  a  more  detailed  list  see  the  annual  reports): 

•  Negative-index  metamaterials  in  the  optical  range,  from  near-IR  to  the  visible  have  been  demonstrated. 

•  Negative-index  metamaterial  with  gain  completely  compensating  losses  has  been  demonstrated  in  the  visible  (red)  part  of 
the  spectrum. 

•  Bulk  3D  metamaterials  with  negative  refraction  have  been  developed. 

•  Negative  refraction  in  semiconductor  based  metamaterials  has  been  shown. 

•  Artificial  metamagnetics  across  the  entire  visible  part  of  the  spectrum  have  been  experimentally  shown. 

•  World’s  smallest  SPASER-based  nanolaser  has  been  demonstrated 

•  Nanolaser  based  on  the  hybrid  gap  mode  confining  light  between  a  semiconductor  amplifying  nanostructure  and  a  metal 
has  been  demonstrated 

•  Theoretical  prediction  and  experimental  realization  of  magnifying  far-field  hyperlens 

•  The  carpet-cloak  has  been  experimentally  realized 

•  Tunable  magnetic  metamaterials  have  been  demonstrated.  We  have  demonstrated  by  theories  and  experiments  that 
nonlinear  and  electro-optical  liquid  crystals  may  be  applied  in  enabling  tuning  capabilities  to  metamaterials  over  a  very  broad 
spectral  regime  from  the  visible  to  the  infrared.  We  showed  that  by  using  laser  induced  order  parameter  as  a  means  of 
modifying  the  nematic  birefringence,  the  switching  processes  can  be  realized  at  microseconds  -  nanoseconds  speed. 

•  We  have  designed,  developed,  and  experimentally  demonstrated  several  novel  optical  switching  and  modulation  photonics 
devices  based  on  liquid  crystals  infiltrated  nano-plasmonic  structures,  where  the  laser  induced  plasmonic  near  fields,  in 
conjunction  with  applied  ac  filed  give  rise  to  novel  optical  switching,  transmission  and  filtering  operations  that  are  not  possible  in 
passive  plasmonic  structures. 

•  It  has  been  shown  that  anisotropic  metamaterials  can  be  emulated  by  tapered  waveguides,  which  opens  up  numerous 
applications  including  cloaking 

•  Broadband  optical  cloaking  using  tapered  waveguides  have  been  experimentally  demonstrated  for  the  visible  part  of  the 
spectrum 

•  The  transformation  optics  technique  was  used  to  design  a  family  of  novel  devices  including  an  optical  black-hole,  a  wave 
collimator,  far-zone  and  near-zone  focusing  flat  optical  lenses,  a  right-angle  bend  for  propagating  beam  fields,  a 
three-dimensional  polarization  rotator,  and  others. 

•  Based  on  the  transformation  optics  approach,  we  demonstrate  that  a  microlens  may  act  as  a  two-dimensional  fish-eye  or 
an  inverted  Eaton  lens.  An  asymmetric  inverted  Eaton  lens  may  exhibit  considerable  image  magnification,  which  has  been 
confirmed  experimentally. 

•  The  singular  photonic  density  of  states  in  hyperbolic  metamaterials  has  been  predicted;  first  preliminary  experiments 
support  the  theory 

•  We  demonstrated  that  metamaterials  with  hyperbolic  dispersion  (h-MMs)  can  be  used  to  study  metric  signature  transitions 
and  the  cosmological  “Big  Bang”. 

•  A  theory  for  basic  nonlinear  optical  processes  in  NIMs  and  in  double-domain  positive/negative-index  metamaterials  has 
been  developed.  This  includes  optical  parametric  amplification,  bistability,  second-harmonic  generation,  novel  solitons,  etc. 

Light  pulse  dynamics  in  NIMs  in  the  presence  of  losses  and  amplification  and  extremely  short  pulse  propagation  in  nonlinear 
NIMs  have  been  studied.  Loss  compensation  with  NL  amplification  has  been  shown. 

•  Resonant  field-enhancement  phenomena  and  universal  energy  absorption  at  the  interface  n=0  for  a  material  with  a 
refraction  index  n  passing  through  n=0  continuously,  was  discovered. 

•  Metamaterials  based  on  Si  photonic  crystals  (PhCs)  have  been  developed 

•  We  have  demonstrated  mechanically  tunable  photonic  crystal  lens. 

•  The  field  of  optical  metamaterials  has  been  linked  to  that  of  celestial  mechanics,  thus  opened  the  way  to  investigate  light 
phenomena  reminiscent  of  orbital  motion,  strange  attractors  and  chaos,  in  a  controlled  laboratory  environment. 

•  Experimental  observation  of  nonlinear  negative  refraction  at  optical  frequencies  using  four-wave  mixing  (4WM),  wherein  the 
incident  and  negatively  refracted  beams  are  at  different  frequencies,  fully  fulfilling  the  Snell’s  law. 
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